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Abstract

In heavy�ion collisions� J�� and Drell�Yan production are expected to be

a�ected by nuclear modi�cations to the free nucleon structure functions� If

these modi�cations� referred to here as shadowing� are proportional to the

local nuclear density� the per nucleon cross sections will depend on central�

ity� Di�erences in quark and gluon shadowing will lead to a new source of

impact parameter dependence of the J�� to Drell�Yan production ratio� We

calculate this ratio in the CERN NA�� acceptance with several shadowing

parameterizations to explore its centrality dependence�
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A signi�cant �anomalous
 suppression of J�� production has been observed in PbPb

collisions	 The ratio of J�� to Drell�Yan production is lower in central PbPb collisions

than extrapolations frommore peripheral collisions� lighter ion interactions� and pA collisions

suggest ���	 Centrality is inferred from the transverse energy� ET 	

Almost all calculations of J�� and Drell�Yan production in nuclear collisions to date have

been based on position independent nucleon ��� or nuclear structure functions ���	 However�

nuclear shadowing should depend on the parton
s location inside the nucleus	 If shadowing

is due to gluon recombination ���� nuclear binding or rescaling ���� or other local phenomena�

it should be proportional to the local nuclear density	 The only studies of spatial dependence

have relied on qualitative measurements of impact parameter� such as dark tracks in emulsion

���� to �nd evidence for such a spatial dependence	

This letter presents calculations of the impact parameter dependence of nuclear shadow�

ing on J�� and Drell�Yan production in heavy ion collisions	 This spatial dependence has

an important e�ect on the ET dependence of J�� and Drell�Yan production if the quark

and gluon distributions are a�ected di�erently by shadowing	 Since J�� suppression is a

predicted signature of quark�gluon plasma formation ���� interpretations ��� of the anoma�

lous suppression in the NA�� PbPb data ��� should include the spatial dependence of the

structure functions	 We focus on the e�ects of shadowing and neglect J�� absorption to

better illustrate the e�ect and present results for PbPb collisions in the acceptance of the

CERN NA�� experiment ���	

To be consistent with the NA�� analysis� we calculate J�� and Drell�Yan production to

LO	 At LO� J�� production is dominated by gluon fusion while Drell�Yan production is due

to qq annihilation	 Then the cross section for nuclei A and B colliding at impact parameter

b with center of mass energy
p
sNN and producing a particle V �J�� or ��� with mass m at

scale Q is

d�VAB
dydm�d�bd�r

�
X
i�j

Z
dz dz�FA

i �x�� Q
�� �r� z�FB

j �x�� Q
���b� �r� z��

db�Vij
dydm�

� ���

where b�Vij is the partonic ij � V cross section	 The nuclear parton densities� FA
i � are the
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product of momentum fraction� x� and Q� independent nuclear densities� �A� position and

atomic mass� A� independent nucleon parton densities� fNi � and a shadowing function� Si�

FA
i �x�Q

�� �r� z� � �A�s�S
i�A� x�Q�� �r� z�fNi �x�Q�� � ���

where s �
p
r�  z�	 In the absence of shadowing� Si�A� x�Q�� �r� z� � �	 The nuclear density

is given by a Woods�Saxon distribution� �A�s� � ����  ��s�RA�
�����  e�s�RA��d�� where

electron scattering data ��� are used to �x RA� d� � and ��	

We use the color evaporation model of J�� production ��� so that

fNi �x�� Q
��fNj �x�� Q

��
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� Kth
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���
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��
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where m� � x�x�sNN 	 The LO partonic cc cross sections are de�ned in ����	 The fraction of

cc pairs that become J��
s is �xed at next�to�leading order �NLO� ��� and Kth is the ratio

of the NLO to LO cross sections	 We use the GRV LO ���� nucleon parton distributions

with mc � ��� GeV and Q � mc as well as the MRS A� densities ���� with mc � ��� GeV

and Q � �mc where mc and Q are chosen to agree with data ���	

The LO Drell�Yan cross section depends on isospin since �DYpp �� �DYpn �� �DYnp �� �DYnn

fNi �x�� Q
��fNj �x�� Q

��
db�DYij
dydm�

� Kexp
�	
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where ZA and NA are the number of protons and neutrons in the nucleus	 We assume that

f pu � fnd � f
p
d � fnu etc� In Eqs	 ��� and ���� x��� � Qe�y�

p
sNN and Q � m	 The factor Kexp

accounts for the rate di�erence between the calculations and the data	

Three parameterizations of shadowing� based on nuclear deep�inelastic scattering ����� are

used	 The �rst� S��A� x�� treats quarks� antiquarks� and gluons equally without Q
� evolution

����	 The other two evolve with Q� and conserve baryon number and total momentum	 The

second� Si
��A� x�Q

��� modi�es the valence quarks� sea quarks and gluons separately for � �
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Q � �� GeV ����	 The most recent� Si
��A� x�Q

��� evolves each parton distribution separately

for Q � ��� GeV ����	 The S� initial gluon distribution shows important antishadowing in

the region ��� � x � ��� with sea quark shadowing in the same x range	 In contrast� S� has

less gluon antishadowing and essentially no sea quark e�ect	

Since we assume that shadowing is proportional to the local nuclear density� the spatial

dependence is de�ned as

Si
WS � Si�A� x�Q�� �r� z� � � NWS�S

i�A� x�Q��� ��
�A�s�

��
� ���

where NWS � is chosen so that ���A�
R
d�s�A�s�S

i
WS � Si� similar to ����	 For lead� NWS �

����	 At large radii� s � RA� S
i
WS � � while at the nuclear center� the modi�cations are

larger than the average Si	 An alternative parameterization� Si
R� proportional to the nuclear

thickness �������� leads to a slightly larger modi�cation in the nuclear core	

We model our calculations to the NA�� experimental acceptance with center of mass

rapidity � � ycm � � and decay angle in the Collins�Soper frame j cos �CSj � ��� ���	 The

Drell�Yan spectrum is measured for m  ��� GeV and the factor Kexp is extracted by

comparing to Eq	 ��� calculated with the GRV LO distributions ����	 The ratio �J����DY

is formed by extrapolating the calculations to ��� � m � ��� GeV with the same Kexp

because J�� and �� decays dominate the region ��� � m � ��� GeV	 Table I gives the

impact parameter averaged cross sections per nucleon pair for the GRV LO and MRS A�

distributions for pp� PbPb and SU interactions	 We show the e�ects of isospin and

shadowing at
p
sNN � ���� GeV	 With the MRS A� set� the isospin correction is quite small

in the extrapolated region ����	 Because isospin is unimportant in J�� production� only the

PbPb cross section is shown	 However� the J�� results suggest that the AB dependence

might be stronger if shadowing could be removed from the data	 Although the choice of

parton densities in�uences the isospin correction and Kexp� the average Drell�Yan shadowing

is changed by less than �� while the di�erence in J�� shadowing can be as large as ���

because the nuclear gluon distribution is imprecisely measured	 The table shows that the

dependence on the nuclear species is weak	 The change in the shadowing is also � �� when
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p
sNN � ���� GeV	 Most important is the mass interval� shadowing is �� stronger in the

measured region than the extrapolated region	

To illustrate how shadowing could a�ect the interpretation of J�� suppression� Fig	 �

shows the Drell�Yan mass distribution for m  ��� GeV in three impact parameter bins

relative to no shadowing� S � �	 Shadowing changes the slope of the spectrum� producing

an 	 ��� change in the predicted rate at m 	 � GeV	 The similarity of valence and

sea quark shadowing in S� causes this ratio to decrease faster with mass than S� or S�	

Including only spatially�averaged shadowing increases Kexp over that needed for S � � in

the measured relative to the extrapolated region� shown in Table I� as well as further increases

the discrepancy in central collisions while overestimating Kexp in peripheral collisions	 At

small radii� Fig	 ��a�� d�DY�dm drops faster than the impact parameter averaged spectra	

When b 	 RA� Fig	 ��b�� the averaged and spatial dependent spectra approximately coincide	

At large radii� Fig	 ��c�� shadowing is reduced� approaching S � �	 These results show that

using a calculation to extrapolate to an unmeasured region is problematic	

Figure � shows the impact parameter dependence of the J�� and Drell�Yan cross sections	

The x� ranges of the two processes nearly coincide� the Drell�Yan region ��� � m � ���

GeV corresponds to ����� � x� � ���� while the J�� range is ����� � x� � ����	 Since

all three parameterizations assume some gluon antishadowing in this region� �J�� is always

enhanced�	 Because S� is the same for quarks and gluons� J�� and Drell�Yan are equally

a�ected by shadowing	 On other hand� Sq
��� 
 �� reducing �DY	

In Fig	 �� �J����DY� calculated in Eqs	 �������� is presented as a function of ET 	 The

correlation between ET and b is based on the number of nucleon participants ���� in agreement

with the most recent NA�� ET distributions ����	 The Drell�Yan cross section is corrected

�We have compared our J�� calculations with calculations in the nonrelativistic QCD model of

quarkonium production ���	 and found that the results are within ��
� of those given here� Thus

the shadowing ratios do not depend strongly on the J�� production model at this energy�
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for isospin to pp from PbPb interactions following Eq	 ��� and �J����DY is calculated at

p
sNN � ���� GeV to facilitate comparison with other nuclear data� following the NA��

analysis ���	 After these adjustments� with S � �� �J����DY� ����� in agreement with the

NA�� pp data ���	 The combined Drell�Yan shadowing and J�� antishadowing in Fig	 �

increases �J����DYto ��	� with S�� ��	� for S� and ��	� using S�	 The S� ratio is essentially

independent of ET since S� does not depend on the parton type or Q� and the x ranges of

J�� and Drell�Yan production are very similar	 However� S� and S� vary more with ET 	

The S� ratio rises about �� while the S� ratio increases 	 ��� as hET i grows from �� GeV

to ��� GeV	 These enhancements are opposite to the observed drop at large ET and small

b ���� neglecting shadowing	

Because of uncertainties in the gluon shadowing parameterization� it is di�cult to draw

detailed conclusions	 However� S� should represent a lower limit and S� an upper limit	 A

stronger spatial dependence such as Si
R ���� would slightly increase the e�ect with ET while

parameterizations based on e�g� nuclear binding ��� might predict a smaller e�ect	

In conclusion� we have studied the impact parameter dependence of the ratio �J����DY

using a spatially dependent shadowing model	 We �nd that the ratio increases at small b

�large ET � compared with more peripheral collisions	 The magnitude of the e�ect depends

on the chosen parameterization	 Neglecting shadowing could lead to an increased Kexp at

p
sNN � ���� GeV since the measured cross section is more strongly a�ected by shadowing

than the extrapolated cross section	 In addition� using an impact parameter averaged spec�

tra in central collisions would tend to underestimate the total number of Drell�Yan pairs�

increasing �J����DY 	 If this e�ect could be identi�ed and corrected for in the data� then

�J����DY would rise � ��� at low ET and drop � �� at high ET � enhancing the discrep�

ancy between absorption models and the data	 At higher
p
sNN � such as at future heavy�ion

colliders� the shadowing e�ect will be larger ���� since these colliders probe lower x values	
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TABLES

Drell�Yan ��� � m � ��� GeV� Drell�Yan ���� � m �  GeV� J��

�pp �pb� �PbPb �pb� �SU �pb� �pp �pb� �PbPb �pb� �SU �pb� �PbPb �nb�

GRV LO

S � � ���� ���� �
�
 ��
� ���� ���� ����

S � S� � ���� �
�� � ���� ���� ����

S � S� � ���� �
�� � ���� ���� ����

S � S� � ��� ���� � ���� ���� ����

MRS A�

S � � ���� ���
 ��� ���� ���� ��� ���


S � S� � ���� ��� � ���� ���� ����

S � S� � ���� ��� � ���
 ��� ����

S � S� � ���� ���� � ��
 ���� ����

TABLE I� The Drell�Yan extrapolated and measured cross sections in pp� Pb�Pb and S�U

collisions and the J�� cross section in Pb�Pb collisions in the NA�� acceptance with the GRV LO

and MRS A� parton densities at
p
sNN � ���
 GeV� We have not included Kexp � ��� for GRV

LO and ��� for MRS A��

��



FIGURES

3 5 7 9

0.8

0.9

1.0

dσ
(S

=S
i,m

) /
 d

σ (
S=

1,
m

)

m (GeV)

0.8

0.9

1.0

1.9RA < b < 2.1RA

0.9RA < b < 1.1RA

(a)

(c)

(b)

0.8

0.9

1.0

b < 0.2RA

FIG� �� The Drell�Yan dilepton mass spectrum� d�DY�dM � without and with spatial depen�

dence relative to S � �� The curves correspond to b�averaged results with S� �dashed�� S� �dotted�

and S� �dot�dashed�� The spatial dependence is illustrated for S��WS �circles� S��WS �squares� and

S��WS �triangles�� The impact parameter ranges are �a� � � b � ���RA fm� �b� ��RA � b � ���RA

fm and �c� ��RA � b � ���RA fm respectively�
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FIG� �� The �a� J�� and �b� Drell�Yan rates in Pb�Pb collisions at
p
sNN � ���
 GeV

relative to production without shadowing� S � �� as a function of impact parameter� The curves

and symbols are de�ned in Fig� ��
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